Six copolymers, based on polyacrylates, were prepared and evaluated as viscosity index improvers. The synthesizing process begins by estrification of acrylic acid with different alkyl chain length alcohols (octyl, decyl, odecyl, tetradecyl, and hexadecyl alcohol), ranging from C 8 to C 16 . The completion of the esterification process was confirmed by FIIR spectrometry. Linear copolymerization was carried out to produce six copolymeric viscosity index improvers. All copolymers were tested for solubility in the selected base oil (SAE 30). Acceptable solubility in the base oil has been recorded. Molecular weight of the prepared copolymers was determined by the technique of Gel Permeation Chromatography (GPC). Samples with different concentrations from each copolymer (0.5%, 1%, 1.5%, 2%, 2.5%, 3% by weight) were prepared and evaluated as viscosity index improvers. Also, a rheological test for oil samples, with and without additives, was carried out with different shear rates and at different temperatures, for characterization of the improved lubricant. It has been found that all of the prepared compounds are effective as viscosity index improvers, and their effectiveness becomes more pronounced by increasing either the molecular weight of copolymer (140,000 -236,000) or the alkyl chain length (C 8 -C 12 ). Effectiveness could be increased by increasing the concentration of the additives in the base oil (6% -46%). There are no reflection points through the tested range of concentrations. Finally, the executed rheological tests oil showed that the improved oils exhibits a Newtonian behavior, except a slight non-Newtonian behavior at the starting of shear application.
INTRODUCTION
Lubrication is simply the use of a material to improve the smoothness of movement of one surface over another, and the materials which are used in this way are called lubricant. Lubricants may be liquid, solid, or gas. Most modern lubricants are petroleum based although vegetable oils and fats are also used. The most important single property of lubricating oil is its viscosity. Lubricating oils are classified as refined and synthetic. Refined oils are produced from crude oil refinery. Crude oil refinery produces paraffinic oils, naphthenic oils and small amount of aromatic oils. Synthetic lubricants are produced via chemical synthesis. Selected chemicals could be blended with the lubricating oils to impart them certain specific properties. Resistance of a lubricant to viscosity change with temperature is determined by its viscosity index (VI) which is an arbitrary number calculated from the observed viscosities at two widely separated temperatures. The normal range of viscosity index is from zero up to 100. Oils of high VI could resist excessive thinning at high temperatures where as those of low VI experience an extremely thinning at high temperatures. Viscosity index of the paraffinic based lubricants is oftenly greater than that of the naphthenic based ones. Viscosity index improvers VII can be regarded as the key to high performance multigrade oil. They are generally oil soluble polymers. The added polymeric molecules may interact with the base oil affecting its final viscosity. Oils containing viscosity index improvers can achive a viscosity index up to 150.
Three major families of viscosity index improvers are known; olefin copolymers, hydrogenated diene copolymers, and acrylic acid based copolymers [1, 2] . Different polymer concentrations are always tested in order to determine the performance of the additives under the engine running conditions. The optimum improver means higher viscosity index and shear stability. It is also soluble in the base oil and compatible with the other additives. Schiff et al [3] used hydrogenated random butadiene-styrene copolymer to produce a shear stable, lubricant with viscosity index of about 140. The butadiene content was ranged from 30 to 44 % weight, and its molecular weight started from 25000 to 125000. F. Dawans, et al. [5] presented a viscosity index improver based only on the butadiene polymer. Molecular weighs up to about 450000 were employed later on by Forbes and Meldrum [5] . They described a graft copolymer of polystyrene and poly isobutylene.
Solubility has an important effect on the viscosity index, as mentioned by Pierre Bataille et al [6] . They prepared and tested two copolymers, α-methyl styrene and 2-ethylhexyl acrylate. The copolymers obtained were blended with a paraffinic (SAE 10) of 110 VI and a naphthenic base oil of 56 VI. The copolymers were tested according to the ASTM 445 IP-71 method. Amal M. Nassar et al [7] synthesized polymeric acrylates VI improvers by copolymerization of four esters (decyl acrylate, dodecyl acrylate, tetradecyl acrylate, and hexadecyl acrylate) with different amount of styrene. Their effectiveness as VI improvers was found proportional to molecular weight of the copolymer. Solubility of the prepared copolymers was found inversely proportional to their molecular weight. Rabab Mohamed Elsayed [8] employed four different esters and carried out free radical copolymerization using different monomers (vinyl acetate, maleic anhydride, 1-octene, and 1-tetradecene). The copolymers prepared using vinyl acetate, or octene were found, relatively, more efficient as VI improvers. Effectiveness was found proportional to the alkyl chain length. Those prepared from tetradecene with different alcohols were found to be more effective as pour point depressant than those prepared from dodecene or octane. Effecftiveness as pour point depressants was also found proportional to concentration of the additives and also to chain length of the alkyl groups. Maleate copolymers proved to be efficient as viscosity index improvers according to Nehl S. Ahmed [9] .
In this work a group of copolymers based on polyacrylates were prepared and evaluated as viscosity index improvers. Polyacrylates have been chosen since they are simply prepared compared with other viscosity index improvers, compatible with other additives, of high shear stability, effective as pour point depressants and of relatively low cost. (Table 1) . Free radical initiators are used to initiate the polymerization process. The initiators were either oxygen-based or nitrogen-based thermally unstable compounds. Their decomposition could yield two free radicals [10] . Acrylic acid is very active, it can undergo polymerization even in absence of any initiators, hence; inhibitors are needed to inhibit its polymerization. After estrification, the esters need to be purified. Sodium hydroxide (NaOH) was used to remove the unreacted acid. Anhydrous Calcium chloride (CaCl 2 ) and anhydrous Sodium sulphate (Na 2 SO 4 ) were used to dry the final product. All materials are from Aldrich Chemical Co.Ltd.(U.K).
Experimental

Procedures:
Polyacrylates viscosity index improvers have been prepared in several steps, starting from esterification of acrylic acid and alcohols, purification of produced esters, identification of the purified esters, polymerization of the esters, and finally characterization of the produced polymers via solubility test and molecular weight determination.
Estrification of Acrylic Acid with Different Types of Alcohols:
Esterification has been carried out by reacting one mole of acrylic acid with one mole of the selected alcohol (octyl, decyl, dodecyl, tetradecyl, and hexadecyl). The reactions were carried out in a resin kittle in presence of 0.5 % p-toluene sulphonic acid as a catalyst, 0.25 % hydroquinone as inhibitor, for the polymerization of acrylic acid, and xylene as a solvent. Esterification reactions were carried out under a slow stream of deoxygenated nitrogen and were agitated using a mechanical stirrer at 500 rpm. The reactants which were mixed with an equal weight of xylene were heated gradually from the room temperature up to 130°C ± 5°C [11] . The extent of reaction was followed by monitoring the amount of librated water.
Purification of the prepared Esters:
A suitable amount of charcoal were added to the esters and allowed to reflux for four hours and then filtered. The filtrate was taken and washed by 0.5 N sodium hydroxide in separating funnel and shake well. The entire process was repeated several times to ensure complete removal of the unreacted acid. The purified ester was then washed several times with distilled water to remove any traces of sodium hydroxide then the ester was left overnight on calcium chloride anhydrous for drying. It was then removed by filtration, xylene was removed by distillation. The ester was then ready to use in copolymerization process.
Identification of the purified esters:
The infrared spectra obtained using an F.T.I.R [Fourier Transform Infra Red] spectrometer model type Mattson-Infinity Series Bench top 961 have been employed for identification of the purified esters before going ahead for copolymerizing them.
Copolymerization of the produced esters:
Polymeric additives were prepared by free radical copolymerization of equimolar quantities of the prepared esters. The reaction was carried out in a four-necked round bottom flask equipped with a stirrer, efficient condenser, thermometer, and an inlet for introduction of dry nitrogen. Drying of nitrogen took place by passing it through a silica gel bed. The process was carried out by adding in the flask one mole of each of the selected esters together with the desired weight of initiator (benzoyl peroxide). The mixture was heated to 60°C ± 5°C for eight hours in the presence of toluene as a solvent. At the end of the reaction, the temperature was allowed to reduce to the room temperature, and the reaction mixture was then poured drop by drop in cooled methanol with continuous stirring. The mixture was filtered off and dried. Constituents of the prepared polymers and their designation are shown in Table 2 .
Characterization of the Prepared Copolymers:
Solubility of the prepared copolymers in lube oil was investigated before testing their effectiveness as viscosity index improvers. The solubility test took place by dissolving one gram of the polymer in hundred grams of additive free base oil (SAE 30). The (1g / 100g) mixture has been allowed to stand overnight. This time was enough to produce the required swelling for the polymer. The mixture was agitated by a Teflon covered magnetic stirrer for 20 minutes at 60 °C to disintegrate the gel. To test homogeneity and thermodynamic stability of the mixture, viscosity of five different samples from each solution was measured. Molecular weight of the copolymers was determined by Gel Permeation Chromatography (GPC) model waters 600E.
Viscosity Measurement
Kinematic viscosity of the oil with and without the tested polymers was determined at 40 °C and also at 100°C. Different polymer concentrations (0.5, 1, 1.5, 2, 2.5, and 3% by weight) were used to study the effect of polymer concentration on VI of the oil. Measurements took place using two Cannon-Fenske viscometers, size 300, and 150. This viscometer is good for Newtonian or nearly Newtonian fluids. It is also known as Cannon-Fenske Capillary tube. Each sample was measured three times in order to minimize the error. Finally, the viscosity index was determined according to the ASTM D-2270-87 formula
Values of L and H were obtained from the tables of ASTM D-2270-87 where the basic kinematic viscosity at 100 °C are equal to or more than 2 cSt and less than 70 cSt. When the basic kinematic viscosity at 100 °C is above 70 cSt, the values of L and H are to be calculated as follows: 
Results and Discussion
According to the I.R spectrum shown in Figure 4 , the esters afford similar I.R spectrum and estrification is nearly completed. Solubility tests proved the formation of true solutions and showed that the copolymers could be dissolved molecularly in the base oil.
Effect of the prepared copolymers as viscosity index improvers
Kinematic viscosity of the oil containing different concentration of the tested additives was determined at 40°C and 100°C. The results are given in Tables 3 and 4 . Thickening effect is noticeable at both temperatures however; this effect is much greater at 100 °C (up to 175%) than that at 40 °C (up to 152%). Thickening is a desirable behavior so that a little contribution is observed at low temperature and a higher one is expected at high temperatures. The parameters which may have a noticeable effect on the effectiveness are molecular weight, alkyl chain length, and concentration.
Effect of the additive concentration on the viscosity index
Six different concentrations from 0 to 3% by weight have been prepared from each additive to study the effect of concentration on the additive efficiency as viscosity index improver. The results are given in Table 5 indicate that the viscosity index increases monotonically with increasing the concentration of the additive. As the temperature increases, the oil viscosity decreases, meanwhile the polymer molecule expands due to the increase in the solvation power and consequently the size of micelle increases. This increase in the micelle size is schematically illustrated in Figure 5 . It counterbalances the reduction in the lube oil viscosity and, hence, decreases the change in the viscosity with the temperature. The process of coil expansion is entirely reversible. Coil contraction occurs with decreasing the oil temperature [10] . Increasing the additive concentration makes further increase in number of coils and higher viscosity index is therefore expected.
Effect of molecular weight on the viscosity index
Molecular weights of the prepared copolymers have been measured and the results are given in Table 6 . It has been noticed that the molecular weight of polymers is proportional to the alkyl chain length. It is generally known that the thickening properties of the viscosity index improver are directly related to the immensely greater molecular size compared to that of the base oil in which it is dissolved [10] . In the lattice theory of viscous flow, segment of polymer molecules fills holes in the lattice (constructed of all surrounding molecules) and thereby limit the ability of smaller molecules to participate in movement through the lattice. Consequently, as the molecular weight increases, the hydrodynamic size increases, and that influence thickening at all temperatures. Figure 7 illustrates such effect where the viscosity index increases by increasing molecular weight of the additives. Figure 8 shows the effect of the alkyl chain length on effectiveness of the tested viscosity index improvers .It has been noticed that this effectiveness is directly proportional to the alkyl chain length. This may also be attributed to the micelle size which is expected to increase by increasing lengths of the alkyl chains.
Effect of alkyl chain length on the viscosity index
Conclusions
1. The prepared compounds would be effective as viscosity index improvers, and their effectiveness could be increased by increasing either the molecular weight of copolymer from (140,000 up to 236,000) or the alkyl chain length from (8 up to 16). For the copolymer A, B, C and D; the effect of both molecular weight and the chain length are obvious. When either the molecular weight or the chain length increases, the viscosity index increases. It also means formation of effective coiled copolymers.
For the copolymers E and F which are characterized by low molecular weights, the viscosity index is relatively low, the chain length is not highly effective. Thses results means that the viscosity index depends mainly on the molecular weight of the copolymer and the role of chain length appears only with molecular weights exceeding 200000.
2. Effectiveness of the prepared additives as viscosity index improvers increases by increasing their concentrations in the base oil. There are no reflection points through the tested range of concentrations and a concentration of 3% by wt. offers a viscosity index ranged from 120 up to 143 according to both the molecular weight and the alkyl chain length. 
